Studies have shown that releases of nanoparticles may take place through the life cycle of products 20 embedding nanomaterials, thus resulting in potential impacts on ecosystems and human health. 21
have quantitatively addressed the toxic impacts caused by released nanoparticles, thus leading to 23 potential biases in their conclusions. Here, we address this gap and aim to provide a framework for 24 calculating comparative toxicity potentials (CTP) for nanoparticles and derive CTP values for TiO 2 25 nanoparticles (TiO 2 -NP) for use in LCA. We adapted the USEtox 2.0 consensus model to integrate 26 the SimpleBox4Nano fate model, and we populated the resulting model with TiO 2 -NP specific data. 27
We thus calculated CTP values for TiO 2 nanoparticles for air, water and soil emission 28 compartments for freshwater ecotoxicity and human toxicity, both cancer effects and non-cancer 29 effects. Our results appeared plausible after benchmarking with CTPs for other nanoparticles and 30 substances present in the USEtox database, while large differences were observed with CTP values 31
for TiO 2 nanoparticles published in earlier studies. Assumptions, which were performed in those 32 previous studies because of lack of data and knowledge at the time they were made, primarily 33 explain such discrepancies. For future assessment of potential toxic impacts of TiO 2 nanoparticles 34 in LCA studies, we therefore recommend the use of our calculated CTP. 35 36 TOC 37 38 39
Introduction 40
Owing to their physicochemical properties, such as high surface areas and small sizes, 41 nanomaterials have been increasingly applied in various commodities over the past decade, bringing 42 optimized strengths and efficiencies compared to conventional products. When embedding 43 nanomaterials in product matrices, their emissions might occur through the life cycle of the 44 resulting nano-products. [1] [2] [3] [4] Direct releases during the manufacturing of the nanomaterials may thus 45 take place. 5 Likewise, depending on the type of location of the nanomaterial in the product matrices, 46 e.g. suspensions in liquids or surface-bound, and on the type of handling, the use and disposal of the 47 nano-products may also lead to potential releases of nanoparticles. 1, 4, 6 Several studies have reported 48 the risks and potential impacts to humans and the environment that such releases may cause. [7] [8] [9] [10] [11] [12] [13] [14] To 49 comprehensively assess the environmental impacts of nano-products, it is therefore necessary to 50 quantify the impacts on ecosystems and human health stemming from these releases over the entire 51 life cycle of the nano-products. 2,3,15,16 52
To address this need, the most prominent tool is life cycle assessment (LCA). LCA is a tool, which 53 aims at quantifying all relevant environmental impacts of a product or system taken in its life cycle 54 perspective, i.e. from extraction of the raw materials through its production and use up to its final 55 disposal. 17 In practice, inventories of pollutant emissions aggregated over the system life cycle are 56 translated into potential impact indicators using characterization factors from life cycle impact 57 assessment (LCIA) methods. These LCIA methods rely on models describing the cause-effect chain 58 from the emissions of a substance to its resulting impacts on ecosystems or human health. To 59 characterize the impacts caused by the toxicity of emitted substances on freshwater ecosystems 60 (termed "freshwater ecotoxicity" in the following) and human health (termed "human toxicity"), the 61
European Commission's International Reference Life Cycle Data System (ILCD) and the US 62
Environmental Protection Agency recommended the USEtox model as best LCIA practice. [18] [19] [20] The 63
USEtox model is a consensus-based model, which allows calculating globally-applicable 64 Ettrup K., Kounina A., Hansen S. F., Meesters J. A. J., Vea E. B., . Development of comparative toxicity potentials of TiO 2 nanoparticles for use in life cycle assessment. Environmental Science and Technology 51, 4027-4037. DOI: 10.1021/acs.est.6b05049. characterization factors or comparative toxicity potentials (CTP) for assessing freshwater 65 ecotoxicity and human toxicity differentiated into cancer effects and non-cancer effects. 21,22 66 To date, more than fifty studies have applied LCA to nano-products. 15, 23 However, most of them 67 have left out the assessment of potential impacts from released nanoparticles. 15, 24 Until now, only 68 twelve studies have investigated the characterization of toxic impacts caused by released 69 nanoparticles. Among these studies, five addressed nanosilver and only accounted for the dissolved 70 fractions thus neglecting potential impact of pristine particles. [25] [26] [27] [28] [29] Three studies focused on CTP for 71 freshwater ecotoxicity of carbon nanotubes, 30 graphene oxide 31 and copper nanoparticles. 32 Four 72 studies developed CTP for TiO 2 nanoparticles for freshwater ecotoxicity 28,33,34 and for human 73 toxicity 35 (only for airborne emissions). Most of these studies focus on a specific toxic impact 74 category and/or emission compartment, and none provides CTP for both ecotoxicity and human 75 toxicity impacts and for all emission compartments (air, water, soil), all being necessary for the 76 conduct of comprehensive LCA studies. Taken altogether, the four publications focusing on TiO 2 77 nanoparticles come close to cover all impacts and emission compartments; however, inconsistencies 78 were identified in the determination of the CTP proposed in them, compromising their usefulness in 79 case studies -see Sections 3.5 and 3.6. Considering the large number of nanoproducts on the 80 market, 4,36-39 the overall limited number of studies addressing the comprehensive derivation of 81 nano-specific comparative toxicity potentials is therefore alarming. Even though science lags 82 behind to adequately assess the toxicity of nanoparticles, there is a need to build experience in 83 developing LCIA of nanoparticles and in applying the resulting CTPs to case studies. 24 
84
In this context, we therefore aim to (i) adapt the USEtox modelling framework in its currently 85 available version (v.2.0), including the integration of recent advances in environmental fate 86 modelling of nanoparticles, to allow for impact assessment of nanoparticles; and (ii) apply the 87 adapted USEtox model to TiO 2 nanoparticles to calculate consistent CTPs for freshwater 88 ecotoxicity and human toxicity (both cancer and non-cancer effects) for emissions to air, water and 89 
USEtox framework 97
The USEtox model (http://usetox.org) is set up as a framework which combines matrices relating to 98 the fate, exposure and effects of a given substance. 21, 40, 41 In this study, these matrices were 99 determined by identifying relevant data in relation to the exposure and effects of nanoparticles and 100 by altering the fate modelling to account for specific nanoparticle behavior. The version 2.0 of 101
USEtox was used as basis in that effort, and the CTPs were calculated according to Equation 1. 102
The fate factors (FF) represent the substance residence time in a given compartment in unit of time 106 (in days). The exposure factors (XF) relate a substance concentration to its actual intake (in day -1 107 for human intake; dimensionless for ecosystems exposure factor). The effect factor (EF) for 108 freshwater ecotoxicity characterizes the fraction of species potentially affected from exposure to the 109 substance and is expressed as a potentially affected fraction of species (PAF) over a volume per 110 mass of exposed substances (in PAF.m 3 /kg-exposed or m 3 /kg-exposed). The EFs for human toxicity 111 relate the amount of substance taken in by the population via inhalation or ingestion to the 112 probability of adverse effects (carcinogenic or non-carcinogenic effects) of the substance in the 113 Ettrup K., Kounina A., Hansen S. F., Meesters J. A. J., Vea E. B., Laurent A., 2017. Development of comparative toxicity potentials of TiO 2 nanoparticles for use in life cycle assessment. Environmental Science and Technology 51, 4027-4037. DOI: 10.1021/acs.est.6b05049. human body; they are expressed in the unit of cases/kg-intake. The resulting CTPs are expressed in 114 potentially affected fraction of species (PAF) over time and volume of water per mass of emitted 115 substances for freshwater ecotoxicity (in PAF.m 3 .d/kg-nanoparticles emitted) or in number of 116 potential cancer or non-cancer cases per mass of emitted substances for human toxicity (cases/kg-117 nanoparticles emitted). 118
In the following subsections, each factor is individually and critically evaluated and adapted to 119 account for the complexity of the nano-specific properties. Some of the factors may be size-120 dependent. Wherever possible, the particle size was differentiated, and a default (arbitrary) primary 121 size of 21 nm (diameter) was considered in the calculation of the comparative toxicity potentials; 122 this size is commonly found in particles tested in toxicological studies (e.g. see Table S4 ). as well as that of nanoparticles hetero-aggregated with natural colloid particles (<450 nm) and 148 nanoparticles attached to larger natural particles; (ii) dissolution is treated as a removal mechanism 149 because once a nanoparticle has been dissolved, it is no longer a nano-scaled solid particle; and (iii) 150 the rates at which the nanoparticles strive at thermodynamic equilibrium are represented by 151 dissolution, aggregation and attachment rates. 49 152
The most significant transformation process for nano-TiO 2 is the aggregation/agglomeration 153 process. 52 This process is modeled in SB4N by applying the Derjaguin Landau Verwey Overbeek 154 (DLVO) theory, which calculates the interactions between particle surfaces in dispersions. It should 155 be noted that the experimental ecotoxicological studies have so far mostly been performed on 156 aggregates of suspended nanoparticles, which is often termed homo-aggregation. In the 157 environment, nanoparticles will interact with biota, organic and inorganic entities and form what is 158 known as hetero-aggregates. Until now, a distinction in the ecotoxicity exerted by individual, homo-159 and hetero-aggregated nanoparticles have not been determined experimentally, 53,54 , and more 160 environmentally-relevant studies are still required to provide insights into that question. 55 161 Therefore, in the absence of further information, the free and homo-and hetero-aggregated particles 162 The exposure factor (XF) for freshwater ecotoxicity of conventional substances is calculated as the 168 dissolved fraction of the chemical in freshwater. 42 For nanoparticles, the consideration of both free 169 and aggregated particles as bioavailable in freshwater environment makes XF for freshwater 170 ecotoxicity set to 1 (see Section 2.2). With regard to human exposure, several intake pathways exist 171 and are subdivided into direct and indirect exposure in the USEtox model -see Supporting Methods. 172
Direct exposure can occur through inhalation of contaminated air or ingestion of contaminated 173 drinking water, and the modelling of these impact pathways rely on USEtox landscape parameters, 174 which were left unchanged in the model. Dermal exposure, which is a relevant route to address for 175 exposure to nanoparticles, 56 e.g. via the use of sunscreen 57 or textiles 58 containing nanoparticles, is 176 not encompassed in the USEtox 2.0 model and hence was disregarded in the current study. Indirect 177 exposure covers the ingestion of agricultural produce (divided into above-and below-ground 178 produce), meat, dairy products and fish 40 , and bioaccumulation factors (BAF) corresponding to 179 these exposure pathways are needed. 42 To the authors' knowledge, no studies reporting 180 biotransformation factors (BTF) for meat or milk exist. Therefore, these two exposure pathways 181 were neglected, and only bioaccumulation factors for fish (BAF fish ), above-ground produce 182 (BAF above-ground ) and below-ground produce (BAF below-ground ) were addressed here. 183 BAF for fish is determined as the ratio of the concentration in the organism over the concentration 184 in the surrounding water, taking into account all exposure routes. 59 The more accurate and preferred 185 Ettrup K., Kounina A., Hansen S. F., Meesters J. A. J., Vea E. B., Laurent A., 2017. Development of comparative toxicity potentials of TiO 2 nanoparticles for use in life cycle assessment. Environmental Science and Technology 51, 4027-4037. DOI: 10.1021/acs.est.6b05049. approach in USEtox is to use experimentally determined BAF fish values. 40 A literature review was 186 therefore conducted to identify the most suited BAF fish -see details in Supporting Methods. 187 BAF below-ground can be determined based on the root concentration factor (RCF) with the formula: 188 BAF below-ground = (ρ soil/ ρ plant )x(0.8 RCF), where ρ soil and ρ plant are the bulk densities of soil and plant, 189
respectively. 40 As a standard methodology in USEtox, the RCF is determined based on the 190 substance octanol-water partition coefficient (K ow ). 40 However, as this coefficient is not applicable 191 for nanoparticles 60 , an alternative approach was adopted based on correlation models for the transfer 192 of chemicals from soil solutions to roots developed by Briggs et al. 61 RCF can thus be determined 193 as the ratio of the particle concentration in the root and that in the soil water. 194 BAF above-ground is difficult to determine solely based on experimental data because of the complexity 195 behind the root uptake, air/plant uptake and translocation mechanisms. To measure the plant uptake 196 of organic chemicals, experiments have been conducted in exposure chambers under steady-state 197 exposure conditions. Unlike for organic chemicals, 62 for which experiments to measure plant uptake 198 have been conducted, no such study could be retrieved for nanoparticles. To predict the BAF above-199 ground , mass balance modelling like that adapted in USEtox by Trapp and Matthies 63 is required. 200
However the strong dependency on K ow in its current form renders it inapplicable to nanoparticles. 60 201
In the present study, the BAF above-ground value was therefore assumed identical to the BAF below-ground . 202
Further research to address this gap should be undertaken. 203 204
Effect factors for freshwater ecotoxicity 205
The EF is defined as: EF = 0.5/HC50 EC50 , with HC50 EC50 being the hazard concentration, at which 206 50% of the species are exposed to a concentration above their EC50. 41 In USEtox, the HC50 value 207 is calculated as the geometric mean of all available EC50 values for the different species, the choice 208 Ettrup K., Kounina A., Hansen S. F., Meesters J. A. J., Vea E. B., Laurent A., 2017. Development of comparative toxicity potentials of TiO 2 nanoparticles for use in life cycle assessment. Environmental Science and Technology 51, 4027-4037. DOI: 10.1021/acs.est.6b05049.
of the geometric over the arithmetic means being justified by the need to find best estimates in 209 LCIA modelling and the stronger robustness in cases of limited data sets. 64,65 210
To derive EFs for nano-sized TiO 2 , a critical literature review of studies testing ecotoxicity of TiO 2 211 nanoparticles was first conducted (see Supporting Methods). To ensure quality of the data, this step 212 was complemented by shortlisting the retrieved studies according to 3 conditions: (1) only studies 213 stating an EC50; (2) only studies using tests following standardized test methods (ISO, OECD, 214 ATSM etc.); and (3) excluding tests with severe alterations. A final classification of the retained 215 studies into five different sets (some of them being subsets of others) depending on a number of 216 criteria was performed to test the nano-specificities of the EF. Supporting Methods provide detailed 217 descriptions of these sets of studies, each of them leading to the determination of a corresponding 218 EF, which was interpreted as part of a sensitivity analysis (see Section 3.3). 219 220
Effect factors for human toxicity 221
In the USEtox model, the EFs for human toxicity are distinguished between carcinogenic and non-222 carcinogenic effects, each of them being further differentiated between inhalation and ingestion 223 routes. 21 The effect factor relies on the assumption of linearity in a concentration-response curve up 224 to the point where the lifetime disease probability is 0.5, and is defined as EF = 0.5/ED50, with 225 ED50 (in kg-intake/person over lifetime) being the lifetime intake dose resulting in a 50 % 226 increased probability of effects. 227
To determine ED50 for non-carcinogenic effects of TiO 2 nanoparticles, the study conducted by 228 Laurent et al. 66 was used. In this study, a critical review of in vivo studies was performed and 229 relationships between non-observed adverse effect levels (NOAEL) and the primary particle sizes 230 of the particles were investigated. Statistically-significant associations were identified, although 231 some uncertainties reside in the numerical estimates due to the inability to capture other possibly 232 
Methods. 244
In EF for both cancer and non-cancer effects, it is important to note that, in addition to the lack of 245 data (e.g. only one usable study for cancer effects via inhalation), most extrapolations ( e.g. from 246 animal to humans) stem from conversion factors derived from chemical toxicological studies, and 247 discrepancies may occur when addressing specific nanoparticle behaviors. Considering the lack of 248 insight into this source of uncertainties, we therefore followed the conventional methodology for 249 deriving EF as performed in the USEtox model. Further research is however needed to test these 250 assumptions for nanoparticles and refine the derived EF. 251 252
Results and discussion 253
The different factors for the fate, exposure and effects of nano-TiO 2 as well as the resulting 254 comparative toxicity potentials were derived. These factors are presented and discussed individually 255 in the following sections, with provision of recommended values wherever relevant. The calculated 256 Information. 259 260
Fate factors 261
The physiochemical data collected for the fate modelling for nano-TiO 2 are reported in Table S1 . 262
These data are based on anatase and rutile crystal forms of TiO 2 nanoparticles with an average size 263 of 21 nm and a considered density of 4.23E+3 kg/m 3 . In the adapted USEtox model (see Supporting  264 Information), it can be observed that the derived fate factors for the free and aggregated forms in 265 water is found equal to 6.33E-1 day and 4.48E+1 day, respectively. This reflects a strong influence 266 of including the aggregated fraction of nanoparticles on the FF (see also Section 3.5). In the current study, two BAF proxies were therefore determined based on BCF values. A first BAF 282 proxy of 21.4 was determined based on the geometric mean of several identified BCF values -see 283 Table S2 . A second BCF of 35.3 was derived based on the study by Yeo & Nam 78 , who set up a 284 microcosm including several trophic levels. Although the use of BCF values as BAF proxies can be 285 acceptable in the absence of better data, Zhu et al. showed that the body burden for D. rerio was 286 higher when exposed to nano-TiO 2 contaminated D. magna compared to aqueous exposure 287 indicating that the dietary exposure could play a significant role in the uptake of nanoparticles. 79 288 Therefore, the BCF value of 35.3 derived from the study by Yeo & Nam, 78 who included exposure 289 through both water and diet, was selected as expected to be a closer proxy to an actual BAF. 290
For below-ground produce, the BAF below-ground was calculated as the geometric mean of several BAF 291 values obtained for different plants, for which accumulation and uptake of nano-TiO 2 were 292 investigated 80,81 -see Table S3 . A BAF below-ground of 2.9 was thus determined. This value appears 293 very low in regards to typical ranges of bioaccumulation factors, thus suggesting that the 294 bioaccumulation of nano-TiO 2 in roots, and hence in the below-ground produce, may be very 295
limited. 296
As indicated in Section 2.4, due to lack of data, the BAF above-ground was estimated from the BAF for 297 below-ground produce. They were assumed equal, resulting in a BAF above-ground value of 2.9. This 298 assumption seems acceptable as little or no translocation between roots, leaves and fruits have been 299 reported in the majority of studies identified. [82] [83] [84] [85] If no translocation of particles takes place, the 300 BAF above-ground in relation to the soil compartment can be argued to be equal to the concentration in 301 the roots of the plants and thus be equal to the BAF below-ground . It should however be noted that 302 translocation were evidenced for other nanoparticles (e.g. Ag, Zn, Cu, Co, etc.) indicating that the 303 behavior of nanoparticles in both soil and plant medias is particle-specific and likely depends on 304 their physicochemical properties (e.g. solubility). 82,86-88 305 306
Effect factor freshwater ecotoxicity 307
From the literature review, a total of 65 relevant publications was identified covering 22 different 308 species -see Table S4 . Results for the five sets of EFs are provided in Table S5 and range between 309 9.4 and 26.9 PAF.m 3 /kg-exposed (trophic level). The EF value of 26.9 PAF m 3 /kg is recommended 310 for use as it relies on studies, which were identified as adequately testing ecotoxicity of To put the results in perspective, the recommended EF value was compared to the existing EFs in 320
USEtox for both organic and inorganic chemicals (amounting to ca. 2500 chemicals) along with the 321 values reported by Salieri et al. 33 and Miseljic and Olsen 23 -see Figure S1 . The recommended EF 322 for TiO 2 is observed to be in the lower range of EF values for both organic and inorganic chemicals. The relative variability in the EF value, ranging 9.4-26.9 PAF m 3 /kg across the 5 sets at the trophic 327 level (see Table S5 ) can primarily be explained by the influence that highly sensitive species may 328 have on the results (e.g. protozoa). These observations therefore call for developing specific data 329 selection guidelines to derive consistent EFs for nanoparticles in future studies. Until such 330 guidelines emerge, a 2-step procedure should be followed, using the nano-specific criteria set by 331
Lützhøft, et al. 89 to shortlist the studies before applying the methodology described in Larsen and 332
Hauschild. 64,65 333 334
Effect factors for human toxicity 335
The recommended effect factors for human toxicity, cancer and non-cancer effects, are reported in 336 For non-cancer effects, Pini et al. 35 report an EF value of 7.26E-3 cases/kg-intake, which is ca. 160 350 times lower than our EF value of 1.15 cases/kg-intake (see Table 1 ). This discrepancy can mainly 351 be explained by the assumption made by Pini et al. 35 with regression analyses on available toxicological data for TiO 2 showing a factor of ca. 40 between 355 the two. 66 Provided that the extrapolations from NOAELs (expressed as daily chronic intake dose) 356 to ED50 and the subsequent calculations of the EF are the same between ingestion and inhalation 357 routes, 21,40 a difference observed in the NOAELs between the two routes is thus propagated to the 358 corresponding EF values (see for example the differences of factor ca. 40 between EFs for non-359 cancer effects reported in Table 1 ). The observed underestimation is also suggested when 360 comparing with the EF for inhalation for organics and inorganics reported in USEtox 2.0, where 361 Figure  362 S2A. In contrast, our recommended EF values for inhalation of nano-TiO 2 fall close to the mean of 363
Pini et al.'s EF value falls in the lower 25 percentile of both organics and inorganics -see
EFs for inorganic chemicals and just above the range of EFs for organic chemicals ( Figure S2A) . 364
For the ingestion pathway, the EF value provided in the present study falls close to the mean of the 365 organics and just below the inorganics (see Figure S2B ). Such comparisons seem reasonable 366 considering the large number of organic and inorganic substances in the USEtox database. 367
With respect to cancer effects via inhalation, Pini et al. 35 reported an EF value of 1.77E+2 cases/kg-368 inhaled (outdoor emission), which is more than 3 orders of magnitude higher than our reported EF 369 Ettrup K., Kounina A., Hansen S. F., Meesters J. A. J., Vea E. B., Laurent A., 2017. Development of comparative toxicity potentials of TiO 2 nanoparticles for use in life cycle assessment. Environmental Science and Technology 51, 4027-4037. DOI: 10.1021/acs.est.6b05049. value of 0.15 case/kg-inhaled (Table 1) . This estimate by Pini et al. 35 is also observed to range 370 among the top carcinogenic substances in the EF for organics and to be well above any EF of metals 371 reported in USEtox 2.0 for cancer effects (see Figure S3 ). This is regarded as unrealistic With respect to the ingestion pathway, Jovanović 67 showed that although nano-TiO 2 has the 378 potential for absorption and storage in various organs by mammals, no study has demonstrated that 379 ingestion of TiO 2 could induce carcinogenic effects. 67,92 Therefore, the EF value for carcinogenic 380 effects through ingestion was set to 0 cases / kg-ingested (see Table 1 ). For non-cancer effects, no 381 comparative study could be done as, to the authors' knowledge, no studies have investigated this 382 exposure route yet. 383 Table 1 , a particle size differentiation could only be considered for the EF values for 384 non-cancer effects, following the work by Laurent et al. 66 When applying Equations S9 and S10, 385 which can be used to determine EF as a function of the size, a decrease of the EFs for non-cancer 386 effects by a factor of ca. 6 was observed between TiO 2 nanoparticles with primary size of 10nm and 387 100-nm TiO 2 particles. Although not investigated further in this study, such results suggest the 388 relevance to consistently include size differentiation when determining CTP values for 389 nanoparticles. To a larger extent, a differentiation accounting for relevant physicochemical 390
As indicated in
properties of the nanoparticles, e.g. surface treatment or coatings, which may influence the fate, 391 exposure and effects of the nanoparticles, and thus the resulting CTP values, need to be further 392 explored. Such explorative studies, which should additionally match the actual properties of the 393 
402
The recommended CTP of 1.55E+03 PAF.m 3 .d/ kg-emitted for emissions to freshwater (see Table  403 2) can be compared to the values derived by Salieri et al. 33 and Miseljic 28 , who reported CTP values 404 of 2.8E-01 and 1.48E-01 PAF.m 3 .d/ kg-emitted, respectively. These published factors are 3-4 orders 405 of magnitude smaller than the CTP developed in the current study -see Figure 1A . This large 406 difference is caused by the inclusion of the toxic impacts of aggregated particles in our model, 407 unlike those of Salieri et al. 33 and Miseljic 28 . By simulating the disregard of aggregates, the 408 recommended CTP value virtually drops by 3 orders of magnitude to 1.82 PAF.m 3 .d/ kg-emitted 409 (see Figure 1A ). Both studies by Salieri et al. 33 and Miseljic 28 modelled aggregation as a removal 410 process in the fate of the nanoparticles, which result in largely underestimated fate factors (and 411 hence CTP values) since a large fraction of the emitted nanoparticles, i.e. all aggregated 412 nanoparticles, end up being removed and are thus not bioavailable to cause effects in the exposed 413 organisms. When conducting ecotoxicity testing on nanoparticles, several studies have reported that 414 the species take up both the pristine and the aggregates, 95,96 and most of the current toxicological 415 studies, which are used in the determination of EF, are based on suspensions covering both pristine 416 particles and aggregates. 97,98 Therefore, he inclusion of both states of the particles when deriving the 417 CTPs for nanoparticles, as done in the current study, is strongly recommended. 418 This is also in line with the study by Eckelman et al. 30 who derived CTP for freshwater ecotoxicity 419 for CNT. The only removal process considered in the latter study was the advection in the ocean, 420 which resulted in a conservative CTP of 2.9E+04 PAF.m 3 .d/ kg-emitted to freshwater, thus in a 421 similar range to the CTP derived in our work (ca. 20 times higher than that of TiO 2 ; see Table 2 ). In for CuO nanoparticles (with regional variation ranges of 3.87-11.1E+03 PAF.m 3 .d/ kg), hence four 426 times higher than our estimate for TiO 2 . Although the modelling in these studies vary (e.g. fate), the 427 CTP values are within same orders of magnitude and consistent with reported toxicity rankings (e.g. 428
CuO nanoparticles being more toxic than TiO 2 nanoparticles 99 ), suggesting a relatively good 429 precision of these studies. 430
In the same manner as the effect factors (see Sections 3.3 and 3.4), the obtained comparative 431 toxicity potentials for nano-TiO 2 were benchmarked against existing CTP present in the USEtox 432 database for organic and inorganic chemicals -see Figures 1A, 1B and 1C for air, freshwater and 433 soil emission compartments, respectively. The drop of the CTP derived by Salieri et al. 33 and 434
Miselic 28 for freshwater emissions at the bottom of the entire USEtox CTP database, which amounts 435 to ca. 2500 organic and 27 inorganic substances, confirms the likelihood that these CTP are largely 436 underestimated (see Figures 1A) . In contrast, the CTP values obtained in our study fall within the 437 lower range of CTPs for inorganics and the median or higher range of CTPs for organics, which is 438 considered plausible (see Figures 1A-1C) . The recommended CTPs for human toxicity for non-carcinogenic and carcinogenic effects are 450 reported in Table 3 for air, freshwater and soil emission compartments. Additional sets of CTPs 451 were also calculated for different scenarios to test the influence of variations in the BAF fish 452 derivations and the confidence intervals associated with the EF for human toxicity, non-cancer 453 effects although relatively minor influences were observed (see Table S6 ). 454 455 As observed in Table 3 , because the EF via ingestion for carcinogenic effects was estimated to be 459 null (see Section 3.4) and because nanoparticles do not volatilize, the CTPs for carcinogenic effects 460 for freshwater and soil emissions are equal to zero. For the remaining CTP values of Table 3 
Applications of CTP and recommendations 488
Using the adapted USEtox model, comparative toxicity potentials were developed for TiO 2 489 nanoparticles for characterizing freshwater ecotoxicity and human toxicity, both cancer and non-490 
